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Abstract
Optical technologies become increasingly important in modern sensor and communication applications. Nevertheless, 
manufacturing and design methods in the field of spatial opto-electronics have not been investigated intensively yet. A new 
approach is to print polymer waveguides on spatial carriers to use the full design freedom of opto-mechatronic assemblies. Up to 
now, no specific design tools and validation methods are available. The article describes possible technology-specific methods 
for designing spatial opto-mechatronic applications with the focus on computer-aided design (CAD) and raytracing simulation of 
spatial waveguides. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of Professor Lihui Wang. 
 Keywords: computer-aided design (CAD); simulation; optical communication; design method; opto-electronics 
1. Introduction
The main reason to use optical technologies on PCBs 
(Printed Circuit Boards) is the limited bandwidth of standard 
copper-based solutions. In order to meet the increasing 
demands of modern communication technologies, optical data 
transfer is increasingly emerging. Expensive high frequency 
materials can be avoided or weight can be reduced by the use 
of polymer materials. Furthermore, disturbances like 
electromagnetic influences in contrast to electrical circuit 
boards can be avoided and assigned to optical systems. 
Despite all these properties, optical short range connections 
are not competitive enough yet to substitute standard 
electrical conductors due to lack of robust design and 
production technologies. [1] A new innovative approach in 
the field of opto-electronics is to print polymer optical 
waveguides on spatial circuit carriers. This allows the creation 
of highly integrated devices, which unify the characteristics of 
electro-optical circuits with the advantages of Mechatronic 
Interconnect Devices (3D-MID). Therefore it is of interest to 
develop new design strategies for these devices. 
The interdisciplinary research group optical integrated 
circuit packaging for module-integrated bus systems – 
OPTAVER) which is founded by the “Deutsche 
Forschungsgemeinschaft” (DFG), has the goal to provide a 
holistic manufacturing platform for spatial optronic (opto-
mechatronic) devices. The project OPTAVER is divided into 
five subprojects. Final goal of all subprojects is to develop an 
engineering chain for o a functional optical bus system printed 
on 3D-MID (3D-opto-MID). The five topics intend to 
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precondition substrate materials, print waveguides on it and 
couple these with optical fibers. [2, 3] Synchronously, a 
method for the design, simulation and validation of spatial 
optical bus systems via CAD systems and Monte Carlo 
raytracing [4, 5] is developed. This article picks up the last 
two topics and describes a novel design and simulation 
method that respects the necessities of spatial circuit carriers 
for optical bus systems. 
2. Boundary conditions
To understand the boundary conditions to be fulfilled in 
the development of 3D-opto-MID the following chapter 
presents the structure of optical bus systems. The further 
requirements of the design for spatial optics can be derived 
from them. 
2.1. Waveguides and thin film substrate
Fig. 1 shows a schematic cross-section of the printed 
waveguide. The carrier (grey section) is a mechanical part, 
which carries a thin film substrate. The two bridge structures 
(green) are used to keep the waveguide itself (red) in a 
straight path. Over the structure a cladding material is printed 
to enable total internal reflection.  
 
Fig. 1. Example of printed waveguide (left) and schematic intersection of the 
printed waveguide (right) 
The most important physical part is the waveguide. 
Waveguides can be classified into planar ones, optical fibers 
and the printed waveguides. In these categories we can also 
distinguish between many different types, like diffusion 
waveguides, multimode or singlemode waveguides. Within 
the project printed, high multimode waveguides are being 
used. This means that raytracing can be used as simulation 
method. These printed conductors have the goal to integrate 
optics on mechanical structures. Other differences to fiber 
optics can be derived from the requirements of integrated 
waveguides. Fibers are primarily used for applications that 
transport high data volumes over large distances. Therefore, it 
is important to have low attenuation. Short distance solutions 
like electro-optical circuit boards have a relatively high 
attenuation, but also high potential to lower these. Currently 
the attenuation results from the relatively new manufacturing 
technologies that are in an early research stage. The used 
waveguide of the project OPTAVER is printed on a 
preconditioned substrate. This is a thin film like we know 
from flexible electrical circuits. The bridges are manufactured 
by a printing plate that deposits ink on it. The ink forms 
bridges, in which the actual waveguide polymer is printed 
between by a novel manufacturing technology called Aerosol 
Jet Printing. This manufacturing technology uses a carrier gas 
to transport ink for the waveguides to a nozzle that sprays the 
waveguide and later on the cladding, between the bridges. [3]
2.2. Optical coupling 
To connect optical fibers with the printed waveguides, 
couplers are necessary. For electro-optical circuit boards, 
direct coupling or VCSELs (Vertical Cavity Surface Emitting 
Lasers) are used to insert light. [6] In the case of 3D-opto-
MID bending couplers are required. For these parts, 
preparations are necessary where the isolation has to be 
separated from the waveguide. Fig. 2 shows how the optical 
light signal is conducted into the optical bus system. The 
bending coupler works as connection between an optical fiber 
and the printed bus system. Through a defined force the fiber 
is pressed on the printed waveguide. On the connection area 
between fiber and bus the hull has to be selectively separated. 
This means that the both cores touch each other. With this 
method coupling in both directions is possible, from the fiber 
into the bus or from the bus system into the fiber. [7] 
 
 
Fig. 2. Schematic of an optical coupler 
3. Challenges for the design 
A general principle is that the basic structure of opto-
electronic components consists of many geometric and 
physical data. These can be either dimensions, contact 
surfaces, PIN-coordinates or the refractive indices. Most of 
this information is available through datasheets provided by 
the manufacturers. The mechanical properties are of special 
relevance for the design. For example, in a 3D environment 
contact points have to be defined. Their accuracy is especially 
important, because even a little offset can cause high 
attenuation for an optical circuit. In schematics components 
are usually represented by symbols. Therefore, it is most 
important to include the physical properties in here. On the 
other hand, weight or PIN coordinates matter to the 
mechanics. Additionally, data for manufacturing processes 
like temperature and mechanical stress are limits, which have 
to be taken into consideration. Table 1 shows exemplarily 
data which is needed during the design, analysis and 
manufacturing of an opto-electronic circuit board. 
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Table 1. Necessary data for opto-electronic components 
Data for 3D-Design Data for schematic 
design and analysis 
Additional data for 
manufacturing
Mechanical properties Physical properties Mech. and Physical 
properties 
weight series resistance limit values  
active surface modulation bandwith (e.g. temperature, 
dimension rise and fall time mechanical stress) 
PIN coordinates wavelength  
PIN assignment capacity  
 refractive index 
numerical aperture 
 
   
 
All this data is necessary for the design. Nonetheless there 
is no system that supports such functionality. To create an 
integrated opto-mechatronic product, novel CAD systems are 
required. New functions have to be realized that depict the 
special physical properties of optics, electronics and 
mechanics. For the design of opto-electronic circuit boards 
tools like OPTISpice or the OptoBoard Designer exist. [8, 9] 
But for the combination of spatial characteristics and optical 
layouts for the special design of printed waveguides no 
suitable software tools are available yet. To satisfy these 
demands, the full integration of specific optical design 
functionality into mechanical CAD systems is needed to 
generate a holistic product model, which unifies methods for 
spatial mechatronics as well as optical design and simulation. 
The only software that allows a spatial design of electronics is 
the 3D electronic design system NEXTRA developed by 
Mecadtron. [10] This system allows 3D design of electronics 
on flexible circuit boards, 3D-MID, or conventional PCBs. 
However the before mentioned abilities are required for 
spatial design of optics. Therefore a novel method for optical 
design, followed up by a validation procedure to prove the 
performance of the optical device, is needed. 
4. A novel design procedure 
These challenges make it necessary to create a robust 
method that allows designing 3D-opto-MID. In following the 
method and exemplary realizations will be presented in the 
next subchapters. 
4.1. Conceptual Method 
For the design and validation of a spatial optical device 
several important steps have to be linked. In general it can be 
distinguished between logical design and physics design. By 
virtue of the manufacturing sensitive orientation of 
OPTAVER, the focus lies on physics design. Premise is a 
complete schematic design including the necessary 
specifications for the logic functionality.  
Subsequently the physics design starts (see also Fig. 3): 
Within OPTAVER two overlapping main work sections have 
to be distinguished. The first section contains a device layout, 
which includes the circuit carrier as well as the electrical, 
electro-optical or pure mechanical components that have to be 
defined and placed on the assembly. Either this can be 
couplers, ICs, VCSELs or just connectors. Subsequently, the 
interconnection of these parts is of interest. This means that 
pins, contact surfaces or fiber contacts have to be 
geometrically modelled. Parallel to this step the design rules 
have to be considered. This means for example that curve 
radiuses have to be checked or incorrect interconnections 
have to be highlighted during design. The final layout has to 
be validated by using optical analyses. An optical model of 
the layout has to be transported into a simulation program, 
where the quality of the optical bus system is calculated. 
 
 
Fig. 3. Conceptual method for the design and simulation  
(extended model -based on [11]) 
Finally, the results will be retransferred and visualized in a 
3D modelling environment. For the big topics layout/physics 
design and simulation an exemplary realization and its 
challenges are depicted in the following chapters. 
4.2. Implementing the method in a CAD system 
A proprietary CAD system was chosen and its 
functionality had to be extended. Most CAD systems are 
based on CSG (Constructive Solid Geometry) and BRep 
(Boundary Representation) structures. Usually functions like 
parametric design are already available in these tools. 
Nevertheless, typical 3D-CAD systems usually do not offer 
functions for designing circuit boards or even 3D-MID. 
Therefore import and export interfaces are used to exchange 
the data between different specific software tools. Because of 
its existing functionality about the mechanical design and the 
open application programming interfaces (API), the software 
tools Siemens NX (version 10) and Autodesk Inventor 
(version 2015) were chosen to implement the novel 
functionalities. In both systems it is possible to easily 
integrate new operations. A typical structure for possible 
features can be seen in Fig. 4. The figure shows functions like 
project management (saving, loading, and creating new 
projects), as well as buttons for the creation of optical circuits 
like the placement of optical parts, defining keep out areas or 
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program. The use of the program is defined through the 
procedure as it is described in conceptual method. 
 
 
Fig. 4. Menu overview for an exemplary implementation in Autodesk 
Inventor 
For the implementation in Siemens NX different 
programming tools were used like the Block UI Styler for 
frames and interactions with the user in the 3D environment. 
Also the ASCII file based language Menuscript for sub menus 
in self-programmed applications as well as the common-API 
NXOpen, that unifies different programming APIs, are used 
[12]. In Autodesk Inventor the possibility of integrating Add-
Ins is realized over the included Inventor-API [13]. Both 
systems have advantages for the realization of additional 
functionality. While Siemens NX offers a widely spread 
spectrum of existing functions that can be executed over many 
different APIs, Inventor offers a strict and easily 
understandable model to implement additional buttons 
directly over one single API.  
An important point for the design of 3D-opto-MID is the 
placement of components. Nowadays CAD software works 
with interfaces for data exchange between mechanical CAD 
(MCAD) and electronical CAD (ECAD) systems, which 
works with special data formats with .brd, .emf or idx 
extensions. These formats usually offer interoperability 
concerning the mechanical placement. However design rules, 
automatic routing as well as logical and technological 
information about the circuit and impact on mechanical parts, 
like keep-out areas, cannot be defined in the same system. 
Despite systems like NX offer opportunities to define such 
areas, the connection to the ECAD systems is not working 
completely consistently. The different versions of ECAD and 
MCAD files have to be synchronized continuously to validate 
changes in design. To overcome such problems for the spatial 
optical design, customized libraries for the parts and couplers 
were created for OPTAVER. These are in interaction with the 
interconnection procedures. A preview of an implemented 
part library in Autodesk Inventor can be seen in Fig. 5. The 
database is based on Microsoft Access and is connected to a 
physical file system, which provides CAD-parts of optical 
components. 
The designer receives information about package, typical 




Fig. 5. Optical part library (left) and projection of electro-optical parts (right) 
An additional algorithm helps to place the components on 
the surface of the carrier substrate. Contact areas are 
automatically constraint to the surface of the carrier. The 
contact areas are also projected onto the substrate material by 
using CAD sketches. It is possible to fade out the optical parts 
and just retain the areas which are required for the layout of 
the interconnections. Fig. 6 shows a scheme how the 
interconnection procedure works. The placed parts from the 
optical-CAD library include additional properties like the 
information where contact surfaces or PIN coordinates are 
located. In the case of more than one contact surface, the 
logics of the circuit can be visualized with textboxes that are 
shown in the 3D-environment.  
 
Fig. 6. Schematic Interconnection between contact surfaces of two parts 
The user can connect the contact areas by setting defined 
waypoints. In this scheme the sketch connections are just 
described in 2D. Connections should not be set with sharp 
edges in fixed angles, as it is usual in electronic design 
automation (EDA). For the printed fibres, curves with a fixed 
radius range (usually between 20 and 37 mm), are necessary 
to avoid attenuation [14]. This is solved by internal queries for 
geometrical elements. A bigger challenge is the support of 
volumetric designs. Therefore a procedure for spatial 
environments is necessary which is described in the following 
section. 
4.3. A new approach to custom user-defined waveguides in 
Autodesk Inventor 
Conventional MCAD software, such as Autodesk Inventor, 
does not initially support the specific functionality needed for 
laying waveguides onto 3D models in order to create 
interconnections between optical components. However, they 
can serve as a basis for the visual representation, as well as 
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the mathematical description of a carrier including the 
assembled components and printed waveguides. 
 
 
Fig. 7. The process of creating a 3D sketch derived from given surfaces 
The basic idea of a comprehensive tool for opto-
mechatronic assemblies is to provide a separate environment 
within the MCAD system tailor-made for placing and 
interconnecting optical components. For this purpose, the 
Inventor API serves as a powerful tool which gives the 
developer the ability to access most of the internal classes via 
interfaces. As a first approach to laying user-defined 
waveguides the inherent 2D sketch command was called to 
sketch lines on plane surfaces and after that, a profile was 
swept along the defined sketch lines representing the 
interconnecting waveguide. The evident problem emerging 
from that approach is the disregard of a variety of different 
kind of non-planar surfaces, namely curved and  
b-spline surfaces among others. Besides, wiring each surface 
separately can be a tedious task for the user and is hardly 
suitable for waveguides that interconnect components placed 
on different surfaces of a 3D model. For that reasons the 
transition to a custom 3D sketch tool became inevitable. Since 
the 3D sketch capabilities of Inventor are very limited, a 
completely new 3D sketch command had to be incorporated. 
The command allows the user to freely set points on the same 
or neighboring surfaces, which will be automatically 
interconnected by a sketch line afterwards (see start point (1) 
and end point (2) in Fig. 7). The sketch line serves as a guide 
for the following sweep which generates a BRep model 
representing a waveguide. The curves are derived from 
intersections of the surfaces with a plane perpendicular to the 
average normal of the given normals of the faces at the start 
and end point. According to that process the following 
geometric descriptions can be obtained: 
x Lines for plane surfaces 
x Ellipses for elliptical or circular surfaces 
x B-splines for b-spline surfaces 
In a second step those descriptions need to be broken down to 
curve segments determined by the given start and end points. 
If two points are set on different neighboring surfaces, the 
shared edge is found by comparing the internal BRep of the 
two surfaces. This edge will then be intersected with the 
aforementioned plane to obtain an intermediate point which 
separates the curve segments (2). As a result we can see a 
fully developed 3D sketch attached to the underlying surfaces 
(3). But most importantly, the mathematical description of the 
waveguides is saved, ready to be exported for the optical 
simulation. Further improvements, such as the support of 
additional surface types, avoiding intersections and complying 
with other design rules are still in development stage and will 
be implemented in later versions.  
4.4. Extending the design system to validate the optical 
behavior
Typically, the validation of the circuit behavior in 
electrical systems is done via simulation tools and electrical 
rule checks. For optics special simulation software tools are 
used. One exemplary tool is RAYTRACE, developed at the 
Institute of Optics, Information and Photonics at the 
University of Erlangen-Nuremberg. [15] To improve the 
validation process of the design, a connection between 
simulation and CAD software is necessary. To create this 
connection the optical data has to be transferred as well as 
geometric/mathematical descriptions of the optical elements, 
like waveguides, lenses, and light sources. To realize the 
exchange between optical simulation and CAD an interface 
was developed. Over the CAD API it is possible to wrap the 
information into a readable format for RAYTRACE. The 
software RAYTRACE needs segmented data for sections of 
the waveguide, e.g. splines, lines, or elliptical arcs. Therefore 
the geometries of the waveguides are segmented and 
extracted. A newly developed BRep parser gets the precise 




Fig. 8. Transferring geometrical and optical model to RAYTRACE 
Fig. 8 shows typical parameters, which are transferred to 
RAYTRACE. To transfer this data, the CAD environment 
was customized by own input windows which allow specific 
definitions of the assembly and copy it in a file format which 
is readable by RAYTRACE and represents the optical product 
model. The re-importing of the results after simulation to 
visualize in 3D-CAD is the next challenge within the project. 
That implies suggestions for the designer to be visualized, like 
critical geometries of the waveguides or violation of design 
rules.  
4.5. Optical simulation
This universal optronic product model connects as 
described the spatial design of the circuit carrier, waveguides, 
optical and electronical components with non-sequential 
raytracing methods. After transferring of the optical 
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parameters for the simulation from CAD software to 
RAYTRACE, the raytracing software calculates the wave 
propagation in the different line segments of the highly 
multimode waveguide. For these optical simulations, a 
perturbation theory is used to simulate the scattering process 
at the rough surface between core and cladding (caused by the 
printing process) of printed polymer waveguides [3, 16]. The 
so-called Monte Carlo raytracing technique connects this 
scattering method with raytracing together. Finally, the result 
will be transferred back to the CAD environment. 
For the simulation, a statistical description of the rough 
surface between core and cladding is used [17]. This follows 
out of the surface profiles, which are caused due to the 
investigation of the unavoidable rough interface between the 
materials by the manufacturing process. Through 
investigations of different printing materials, the appropriate 
statistical model can be adapted to the process. Fig. 9 shows a 
non-sequential trace of a parabolic shaped waveguide with a 
single lens as coupling tool.  
 
 
Fig 9. yz-view of a simulated optical waveguide via RAYTRACE with a 
central projection at the right bottom corner 
It is also necessary that the CAD software provides optical 
parameters in advance, like wavelength of the light source or 
properties of the media of the route section (see therefore  
Fig. 8). After back transferring the results of the calculated 
Monte Carlo raytracing will also be visualized in the CAD 
environment.
Conclusion
This paper has described a method for designing  
3D-opto-MID assemblies with focus on creating an own 
design and simulation system for validation of the devices. It 
shows the feasibility of the procedure as well as the re-
importing of the simulation results, design rule checks or 
further spatial surface types which have to be implemented. 
Also the definition of optical parameters has to be set more in 
focus after the realization of the mentioned points. To sum it 
up, the approach has a promising outlook for a future method, 
supported by a novel software tool for designing spatial opto-
mechatronic devices. Future plans for the project are to 
validate the design on real printed waveguides and to integrate 
CAM functionality to automatically generate NC data for 
Aerosol Jet Printing to generate a fully integrated CAD-CAM 
chain to reduce the engineering effort. 
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